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TranscriptomeAutographa californicamulticapsid nucleopolyhedrovirus (AcMNPV) is the best-studied baculovirus and most
commonly used virus vector for baculovirus expression vector systems. The effect of AcMNPV infection on
host cells is incompletely understood. A microarray based on Spodoptera frugiperda ESTs was used to
investigate the impact of AcMNPV on host gene expression in cultured S. frugiperda, Sf21 cells. Most host
genes were down-regulated over the time course of infection, although a small number were up-regulated.
The most highly up-regulated genes encoded heat shock protein 70s and several poorly characterized
proteins. Regulated genes with the highest score identiﬁed by functional annotation clustering included
primarily products required for protein expression and trafﬁcking in the ER and golgi. All were signiﬁcantly
down-regulated by approximately 12 h post-infection. Microarray data were validated by qRT-PCR. This study
provides the ﬁrst comprehensive host transcriptome overview of Sf21 cells during AcMNPV infection.Michigan State University, East
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Baculoviruses infect insects and have enveloped rod-shaped
nucleocapsids and double-stranded circular genomes that range from
80 to 180 kb in size. Their replication cycle involves a regulated cascade
of gene expression in which early and delayed early virus genes are
transcribed by host RNA polymerase II (RNA pol II), whereas late and
very late genes are transcribed by a virus encoded RNA polymerase.
Baculoviruses that infect Lepidoptera produce twomorphological forms
budded virus (BV), which spreads the virus from cell to cell in infected
insects, and occlusion derived virus (ODV), which spreads the virus
between insect hosts (reviewed in (Rohrmann, 2008)).
Baculoviruses have long been used as microbial insecticides to
control insect pests in agriculture and forestry. In the 1980s, theywere
developed as a powerful eukaryotic protein expression vector
(Summers, 2006). The best-studied baculovirus,Autographa californica
multicapsid Nucleopolyhedrovirus (AcMNPV) is the type species ofthe genus alphabaculovirus in the family Baculoviridae (International
Committee on Taxonomy of Viruses, 2008; Jehle et al., 2006). It is the
prototype and most commonly used virus vector for the baculovirus
expression vector system (BEVS). Proteins expressed optimally by
BEVS can achieve levels of up to 50% or more of the total cellular
protein because of the strong polyhedrin gene (polh) promoter, which
is turned on very late in the viral infection cycle (Summers and Smith,
1987). The polh gene encodes for the matrix protein that embeds the
ODV in large (1–5 μM) protein occlusion bodies, called polyhedra. The
polh gene is dispensable for baculovirus infection of cultured insect
cells and has been deleted from most baculovirus expression vectors
(O'Reilly et al., 1992; Smith et al., 1983). The temporal regulation of the
polh promoter has advantages for synthesizing proteins that may be
cytotoxic because it acts in a similarmanner to a conditional promoter,
switching on very late in the infection cycle, after the virus has already
replicated, assembled, and released progeny virions in the form of BV.
Since its inception, BEVS has become one of the leading platforms
for eukaryotic protein expression in both academic and industrial
settings. Proteins expressed in BEVS are glycosylated, phosphorylated,
and acetylated at appropriate sites and in most cases are fully
functional (Jarvis, 1997). BEVS has many advantages over other
expression systems, such as the ability to synthesize multiple proteins
for protein complexes and the production of virus-like-particles
Fig. 1. Patterns of host gene expression in AcMNPV-infected Sf21 cells determined by
microarray analysis. Probes for host genes designed based on ESTs sequence data from
SPODOBASE, http://bioweb.ensam.inra.fr/spodobase/). The approximate number of
genes that were A) up-regulated or B) down-regulated during the time course of
infection (6, 12, and 24 hpi) compared with the mock-infected controls; C) Chart
comparing the expression trends exhibited by up- and down-regulated genes during
the time course of infection. Only genes with their level of expression equal to or more
than 1.2 fold change and showed signiﬁcant difference (pb0.05, one-way ANOVA)
were selected.
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licensed for use around the world (reviewed in (Hu et al., 2008; van
Oers, 2006)). BEVS is also a robust platform for the display of
expressed eukaryotic protein libraries for screening of ligands and
drugs (Makela and Oker-Blom, 2006). BEVS is emerging as one of the
best platforms for expressing eukaryotic integral membrane proteins
for high-resolution structural studies, which is currently a major
challenge in biomedical research.
However, AcMNPV infection impacts host cells in many ways that
may inﬂuence the expression of heterologous proteins, particularly
secretory and integral membrane proteins, which can be more difﬁcult
to express than cytoplasmic proteins using BEVS (Higgins et al., 2003;
Jarvis and Summers, 1989; Tate et al., 2003; van Oers et al., 2001a).
During infection, the nucleus swells, the cell rounds up, and cytoskeletal
architecture is modiﬁed (Charlton and Volkman, 1991; Roncarati and
Knebel-Morsdorf, 1997; Volkman and Zaal, 1990). The cell cycle arrests
at G2/M in AcMNPV-infected Sf9 cells (Braunagel et al., 1998; Ikeda and
Kobayashi, 1999). Host protein synthesis in AcMNPV-infected insect
cells is shut down over the course of infection, beginning at
approximately 10–12 hpi as the virus takes control of the cell to
produce new virions (Carstens et al., 1979; Maruniak and Summers,
1981). By 24 hpi, the majority of newly synthesized proteins are either
virus encoded or virus induced. Themechanism responsible for the shut
off of host protein synthesis is not fully understood but appears to
correlatewith a reduction inhost gene transcripts (Ooi andMiller, 1988;
vanOers et al., 2001b, 2003). A differential display approachwas used to
identify potentially up-regulated host genes (Nobiron et al., 2003). In
this study, among over 3000 cDNA fragments, most were down-
regulated between 12 and 18 hpi. Only one host gene, heat shock
protein 70 cognate (hsc70) mRNA was conﬁrmed to be up-regulated.
To better understand the effects of AcMNPV on host cell gene
expression as it relates to BEVS, we performed a more comprehensive
study on the effects of AcMNPV infection on host gene expression in
Sf21 cells, a widely used host cell line derived from Spodoptera
frugiperda pupal ovaries (Vaughn et al., 1977). We used microarrays
designed from an extensive S. frugiperda EST database, together with
quantitative real time-polymerase chain reaction (qRT-PCR), to
investigate the effects of AcMNPV infection on host gene transcription
over time up until 48 hpi. Our results showed that transcripts for the
majority of host genes declined substantially by 12 hpi. Furthermore,
using Database for Annotation, Visualization and Integrated Discovery
(DAVID) (Dennis et al., 2003; Huang et al., 2009) to cluster the host
genes we identiﬁed cellular processes and pathways that were
affected by AcMNPV late in infection. The highest scoring cluster
was enriched in genes involved in protein trafﬁcking and processing
in the ER and Golgi. We expect these data to be useful for optimizing
BEVS for expressing foreign proteins, particularly secretory and
integral membrane proteins. We also identiﬁed several up-regulated
genes, in addition to hsp70.
Results
Microarray data analysis of Sf21 host genes during AcMNPV infection
To better understand the effects of AcMNPV infection on host gene
expression we compared the transcription proﬁles of S. frugiperda
genes over time in AcMNPV-infected Sf21 cells using microarrays. The
microarrays comprised oligonucleotide (60-mer) features and were
designed using available S. frugiperda EST data (SPODOBASE, http://
bioweb.ensam.inra.fr/spodobase/ (Negre et al., 2006)). The experi-
ment was done in quadruplicates and we employed spike-in mRNAs
as internal controls. The expression levels of host genes of Sf21 cells
infected with AcMNPV at 6, 12, and 24 hpi were compared to the
expression levels of the same genes from the mock infection sample.
The comparison was performed with the GeneSpring GX 11 software
(Agilent) using one-way ANOVA method; only genes that showedsigniﬁcant differences in expression levels (pb0.05) were selected.
The data showed that the numbers of host genes signiﬁcantly up-
regulated more than 1.2 fold decreased as the infection progressed
(Fig. 1A). Although a 1.2 fold change is a low cutoff for microarrays, it
was selected in order to identify changes in host gene transcript levels
at 6 hpi, which were subtle compared to 12 and 24 hpi. Among host
genes whose expression was up-regulated during the course of
infection, approximately 66% were up-regulated at 6 hpi, whereas
18%, and 16% were found to be up-regulated at 12 and 24 hpi,
respectively (Fig. 1A). On the contrary, the number of host genes
down-regulated more than 1.2 fold increased as the infection
progressed. Approximately 19%, 40%, and 41% were down-regulated
at 6, 12, and 24 hpi, respectively (Fig. 1B). Thus the trend in up- and
down-regulated genes over the time course of infection showed an
inverse relationship (Fig. 1C). Because the majority of the genes were
represented on the microarray by three different probes, the number
of genes represented in Fig. 1 was approximated by dividing the
number of probes by 3. Although most of the redundant ESTs
(multiple ESTs representing the same gene) present in SPODOBASE
were removed before designing the probes to print on the microarray
Table 1
Selected functional annotation clusters that may inﬂuence gene expression in Sf21 cells.
Cluster no. /
enrichment score




3.70 Protein localization 27 0.96 3.50E−07
Protein transport 27 0.96 3.50E−07
Establishment of protein localization 27 0.96 3.50E−07
Cellular protein localization 17 0.61 8.70E−06
Intracellular protein transport 17 0.61 8.70E−06
Cellular macromolecule localization 17 0.61 8.70E−06
Intracellular transport 19 0.68 1.55E−05
Protein targeting 11 0.39 1.54E−04
Protein targeting to membrane 9 0.32 1.12E−03
Protein localization in organelle 9 0.32 1.12E−03
Cotranslational protein targeting to membrane 6 0.21 1.99E−02
SRP-dependent cotranslational protein targeting to membrane 5 0.18 4.95E−02
Protein targeting to ER 5 0.18 4.95E−02
Signal recognition particle 4 0.14 8.48E−02
7S RNA binding 4 0.14 1.06E−01
Annotation cluster 2
3.69 Translation factor activity, nucleic acid binding 29 1.03 9.28E−06
Protein biosynthesis 17 0.61 9.10E−05
Initiation factor 20 0.71 1.80E−04
Translation initiation factor activity 21 0.75 2.37E−04
Translational initiation 10 0.36 1.03E−02
Annotation cluster 5
1.89 Endomembrane system 10 0.36 3.85E−03
Endoplasmic reticulum 12 0.43 9.97E−03
Endoplasmic reticulum part 7 0.25 1.12E−02
Endoplasmic reticulum membrane 6 0.21 2.90E−02
Nuclear envelope-endoplasmic reticulum network 6 0.21 2.90E−02
Annotation cluster 6
1.52 Chaperone 9 0.32 2.45E−03
Unfolded protein binding 10 0.36 3.22E−03
Chaperonin Cpn60/TCP-1 4 0.14 1.47E−01
Chaperone, tailless complex polypeptide 1 4 0.14 1.47E−01
Chaperonin TCP-1, conserved site 4 0.14 1.47E−01
Annotation cluster 15
1.03 Protein folding 17 0.61 1.00E−03
Isomerase 12 0.43 2.70E−02
Rotamase 6 0.21 1.90E−01
Peptidyl-prolyl cis-trans isomerase activity 6 0.21 2.00E−01
cis–trans isomerase activity 6 0.21 2.00E−01
PIRSF001467:peptidyl-prolyl isomerase 3 0.11 4.50E−01
Peptidyl-prolyl cis-trans isomerase, cyclophilin-type 3 0.11 6.10E−01
Annotation cluster 17
0.91 Protein targeting to membrane 9 0.32 1.12E−03
Protein localization in organelle 9 0.32 1.12E−03
Membrane-enclosed lumen 9 0.32 9.26E−03
Protein transport 5 0.18 8.73E−02
Translocation 4 0.14 9.95E−02
Intracellular protein transmembrane transport 4 0.14 1.19E−01
Protein import 4 0.14 1.19E−01
Mitochondrial intermembrane space 3 0.11 2.19E−01
Mitochondrial intermembrane space protein transporter complex 3 0.11 2.19E−01
Organelle envelope lumen 3 0.11 2.19E−01
Mitochondrion inner membrane 5 0.18 2.32E−01
Membrane organization 3 0.11 2.71E−01
Protein targeting to mitochondrion 3 0.11 2.71E−01
Protein import into mitochondrial inner membrane 3 0.11 2.71E−01
Protein localization in mitochondrion 3 0.11 2.71E−01
Mitochondrial transport 3 0.11 2.71E−01
Inner mitochondrial membrane organization 3 0.11 2.71E−01
Mitochondrial membrane organization 3 0.11 2.71E−01
Mitochondrion organization 3 0.11 2.71E−01
IPR004217:Mitochondrial inner membrane translocase complex,
Tim8/9/10/13-zinc ﬁnger-like
3 0.11 3.10E−01
Zinc ﬁnger, Tim10/DDP-type 3 0.11 3.10E−01
Mitochondrion 6 0.21 7.81E−01
(continued on next page)








0.83 heat shock protein binding 6 0.21 4.16E−02
DnaJ 5 0.18 9.61E−02
Heat shock protein DnaJ, N-terminal 5 0.18 1.41E−01
Molecular chaperone, heat shock protein, Hsp40, DnaJ 4 0.14 2.68E−01
Heat shock protein DnaJ 3 0.11 4.73E−01
Annotation cluster 24
0.67 Regulation of cellular protein metabolic process 7 0.25 2.21E−02
Regulation of translation 5 0.18 1.09E−01
Posttranscriptional regulation of gene expression 5 0.18 1.09E−01
regulation of translational initiation 3 0.11 2.71E−01
Negative regulation of translation 3 0.11 2.71E−01
Negative regulation of cellular protein metabolic process 3 0.11 2.71E−01
Negative regulation of protein metabolic process 3 0.11 2.71E−01
Negative regulation of biosynthetic process 3 0.11 4.24E−01
Negative regulation of macromolecule metabolic process 3 0.11 4.24E−01
Negative regulation of macromolecule biosynthetic process 3 0.11 4.24E−01
Negative regulation of cellular biosynthetic process 3 0.11 4.24E−01
Annotation cluster 29
0.57 Protein maturation 3 0.11 2.71E−01
Signal peptide processing 3 0.11 2.71E−01
Protein maturation by peptide bond cleavage 3 0.11 2.71E−01
Peptide metabolic process 3 0.11 2.71E−01
Protein processing 3 0.11 2.71E−01
Annotation cluster 43
0.14 Translation 46 1.64 2.87E−01
Intracellular non-membrane-bounded organelle 44 1.57 6.13E−01
Non-membrane-bounded organelle 44 1.57 6.13E−01
Ribonucleoprotein complex 33 1.18 6.33E−01
Ribonucleoprotein 15 0.53 7.81E−01
Ribosome 23 0.82 9.66E−01
Ribosomal protein 23 0.82 9.83E−01
Structural constituent of ribosome 20 0.71 9.93E−01
Structural molecule activity 27 0.96 1.00E+00
Bombyx mori was used as a background in DAVID Bioinformatics Resources 6.7.
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Functional clustering of differentially regulated host genes at 24 hpi
To determine what cellular processes and pathways might be
affected by AcMNPV at late times of infection, DAVID v6.7 was used to
analyze microarray data from the 24 hpi time point (http://david.
abcc.ncifcrf.gov/ (Dennis et al., 2003; Huang et al., 2009)). However,
because of the large number of genes whose expression was
inﬂuenced by baculovirus infection we focused only on the genes
that were well annotated. Thus, unknown genes and genes not
identiﬁed by the DAVID database were not included in the analysis. A
total of 10,703 reads representing approximately 3600 genes
(individual ESTs and contigs), which consisted of all genes showing
down-or up-regulation with more than 15 fold change at 24 hpi
compared to mock infection, were uploaded to DAVID. The 15 fold
cutoff was selected to limit the number of genes to be analyzed to
approximately 3000 entries, the number of genes that DAVID can
easily handle. Out of these 3600, 2807were analyzed by the functional
annotation clustering tool, using Bombyx mori as background, and
resulted in 52 clusters (Supplementary Table 1). DAVID analysis was
unable to cluster genes using other species as background. In Table 1,
we present clusters that are most directly related to protein
expression and processing, and which could potentially impact gene
expression using BEVS. The clusters are listed in descending order of
enrichment score (E.S.). The full list of genes with the detailed fold
change is presented in Supplementary Table 1. The two highest
scoring clusters each comprised genes whose products could affect
protein expression. Cluster 1 had an E.S. of 3.7 and included 29 genesencoding products involved in protein localization, transport, or
targeting (Table 1, Supplementary Table 1). This cluster is highly
enriched in genes encoding proteins required for synthesis and
trafﬁcking of secretory and membrane proteins. These include
components of the signal recognition particle, members of the
Sec61 complex, a translocon-associated protein (TRAP), a SNAP
receptor complex member, a member of the transport protein particle
(TRAPP) complex, a coatamer protein, a KDEL receptor, and several
Rab proteins (Supplementary Table 1). Cluster 2 with E.S. 3.69
included 31 genes whose products were involved in protein
translation (Table 1). This cluster was highly enriched in translation
initiation factors (Supplementary Table 1). The other selected clusters
shown in Table 1 contained genes encoding for proteins with the
following functions: a) cluster 5 (E.S. 1.89): endoplasmic reticulum
functions, b) cluster 6 (E.S. 1.5): chaperones, c) cluster 15 (E.S. 1.03):
protein folding, d) cluster 17 (E.S. 0.91): protein targeting to
membranes and localization to organelles, e) cluster 19 (E.S. 0.8):
heat shock proteins, f) cluster 24 (E.S. 0.67): regulatory proteins that
may affect translation, g) cluster 29 (E.S. 0.5): protein maturation and
processing, and h) cluster 43 (E.S. 0.1): mainly ribosomal protein
genes. All of the genes in all of these clusters were down-regulated.
One of these genes, non-clathrin coat protein zeta 1-COP (gi|
114051996), a member of clusters 1 and 43, was represented by
two different ESTs in SPODOBASE and one of the two ESTs was up-
regulated. The expression pattern of non-clathrin coat protein zeta 1-
COP is further discussed below.
A heat map showing the regulation of the 29 genes forming DAVID
cluster 1 throughout the time course of infection is shown in Fig. 2.
The levels of expression of most of these genes were dramatically
down-regulated at 12 and 24 hpi samples when compared to mock
171T.Z. Salem et al. / Virology 412 (2011) 167–178(C) infected sample. At 6 hpi, the level of expression of most of the 29
genes were unchanged, or only slightly changed (≤ 1.5 fold),
compared to mock infection. One exception was ras-related GTP-
binding protein Rab3 gene, which was down-regulated 3.1 fold. Two
other genes, ras-related GTP-binding protein 4b and Rab7, showed
moderate down regulation, 1.6 and 1.8 fold, respectively. Other than
the up-regulated non-clathrin coat protein zeta 1-COP gene (up 6.3
fold), only signal recognition particle receptor alpha subunit showed
greater than 1.5 fold (1.6 fold) up-regulation at 6 hpi. All the accession
numbers for the genes of cluster 1 and the rest of the 52 clusters are
included in Supplementary Table 1. The SPODOBASE accession
numbers of genes included in Supplementary Table 1 are presented
in Supplementary Table 2.Non-clustered and up-regulated host genes
Many regulated host genes either were not included in the DAVID
functional analysis, or did not form a functional group when analyzed by
DAVID. Interestingly, among the strongly down-regulated transcripts
were a number encoding for immune functions including, cecropin,
hemolin-like protein, β-1,3-glucan recognition protein 2a, peptidoglycan
recognition protein, eater, prophenol oxidase activating enzyme 1, and β-
1,3-glucan-bindingprotein (datanot shown). Themajority of genes found
to be up-regulated at 6 hpi were subsequently down-regulated by 12 or
24 hpi (Fig. 1C, Supplemental Tables 1 and 3). Moreover, except for a few
genes, the increased expression at 6 hpi was generally low, 2 fold or less.
The expression of only a small number of genes was highly up-regulated
at any time point or up-regulated throughout the course of infection.
These genes are listed in Table 2. Genes with ambiguous regulation were
excluded. The most highly up-regulated genes at 6 hpi were two heat
shock 70 proteins (Hsp70) (protein acc. no. gi|229562184 and gi|
256862212). However one Hsp70 (protein acc. no. gi|256862212) wasFig. 2. Heat map depicts the regulation of the genes representing DAVID cluster 1. Red col
expression. Gene expression was normalized to the spike-in genes on each array. Each gen
across all time points. In all cases the median expression values are similar to the mean vaassociatedwith twoESTs,whichexhibited contrasting expressionproﬁles.
Although the best protein annotations (BLASTx) for the EST sequences
(SPODOBASE: Sf1P20517-5-1 and Sf2L00008-5-1) were the same, their
nucleotide sequences could not be aligned (megablast, discontiguous
megablast, or blastn) (Zhang et al., 2000), suggesting they represent
different Hsp70 genes or isoforms (data not shown). When a nucleotide
BLAST searchwas done the bestmatch for the up-regulated Sf2L00008-5-
1 was gi|256862212. Whereas the best match for Sf1P20517-5-1 was gi|
167077413, aHsp70 from thenoctuidmoth Sesamia nonagrioides (E value
2e-06), and the E value for gi|256862212 was 0.011. For the two up-
regulated Hsp70's, there was a dramatic increase in transcripts at 6 hpi.
Transcripts remained up relative to controls at 12 and 24 hpi, but declined
in magnitude (Supplementary Table 3). The down-regulated Hsp70
(protein acc. no. gi|256862212, SPODOBASE acc. no. Sf1P20517-5-1)
showed gradual down regulation beginning at 6 hpi. Two other ESTs,
which could not be annotated (data not shown), as well as a hypothetical
protein from Plasmodium knowlesi strain H (protein acc. no. gi|
221053556) and a predicted protein from Acyrthosiphon pisum (protein
acc. no. gi|193594185) had expression proﬁles similar to the up-regulated
Hsp70's (Table 2).Regulation of non-clathrin coat protein zeta 1-COP transcripts
Another up-regulated gene showed a different expression pattern
from the Hsp70s. One set of probes corresponding to non-clathrin coat
protein zeta 1-COP indicated that the genewas up-regulated slightly at
6 hpi and transcript levels increased dramatically (N100 fold) at 12
and 24 hpi, but another set of probes corresponding to the same gene
indicated that the gene was down-regulated (Fig. 2). Two sequences
from SPODOBASE (EST1: SF9L03957-Contig1 and EST2: Sf1P09405-5-
1-Contig1) represented on the microarray were annotated as non-
clathrin coat protein zeta 1-COP and linked to the same proteinor indicates the highest gene expression and the blue color indicates the lowest gene
e is represented by one probe showing approximately the median level of expression
lues. Asterisks denote genes analyzed by qRT-PCR.
Table 2
Unclustered genes with signiﬁcantly up-regulated expression in AcMNPV-infected Sf21 cells.
Average fold changea
GI acc. no. Protein descriptionb Species 6 hpi 12 hpi 24 hpi
110751266 Predicted: similar to interleukin 16 isoform 1 precursor Apis mellifera 3.1 2.6 −0.4
156549977 Predicted: similar to alcohol dehydrogenase Nasonia vitripennis 3.3 3.6 −1.6
183979382 Branched-chain-amino-acid transaminase (a) Papilio xuthus 3.8 3.6 −0.4
183979382 Branched-chain-amino-acid transaminase (b) Papilio xuthus 5.1 6.2 1.9
157128947 Apolipoprotein D, putative Aedes aegypti 5.3 3.3 −0.5
158302520 AGAP001116-PA Anopheles gambiae str. PEST 5.9 3.4 0.7
215820602 Uridine diphosphate glucosyltransferase Bombyx mori 6.1 4.6 −1.5
270010182 Hypothetical protein TcasGA2_TC009549 Tribolium castaneum 6.2 1.3 −6.3
270003309 Hypothetical protein TcasGA2_TC002528 Tribolium castaneum 9.2 3.2 −4.4
193641133 Predicted: similar to elongation factor Tu GTP-binding domain containing 1 Acyrthosiphon pisum 9.7 1.3 −4.0
193594185 Predicted: similar to predicted protein (a) Acyrthosiphon pisum 13.9 9.4 2.2
193594185 Predicted: similar to predicted protein (b) (2 probes) Acyrthosiphon pisum 22.9 15.0 4.4
221053556 Hypothetical protein Plasmodium knowlesi strain H 22.3 10.2 4.3
229562184 Heat shock protein 70 Spodoptera exigua 37.6 4.0 1.6
270010864 Hypothetical protein TcasGA2_TC015905 (a) Tribolium castaneum 10.4 2.9 −5.3
270010864 Hypothetical protein TcasGA2_TC015905 (b) (2 probes) Tribolium castaneum 9.3 2.9 −3.1
195504354 GE10701 Drosophila yakuba −1.1 6.0 3.4
167520296 Hypothetical protein Monosiga brevicollis MX1 1.8 3.5 1.2
270010547 Hypothetical protein TcasGA2_TC009962 Tribolium castaneum 1.3 4.7 1.8
157113191 Epoxide hydrolase Aedes aegypti 1.3 5.4 2.2
242015510 Serine proteinase stubble, putative Pediculus humanus corporis 1.6 2.3 −0.5
221122289 Predicted: similar to arginine and glutamate rich 1 Hydra magnipapillata 2.2 2.8 1.5
270003926 Hypothetical protein TcasGA2_TC003217 Tribolium castaneum 2.0 4.0 1.7
7862150 3-dehydroecdysone 3alpha-reductase (a) Spodoptera littoralis 3.0 5.7 3.4
7862150 3-dehydroecdysone 3alpha-reductase (b) Spodoptera littoralis 2.3 2.2 3.7
7862150 3-dehydroecdysone 3alpha-reductase (c) Spodoptera littoralis −0.4 2.0 2.9
270011314 Hypothetical protein TcasGA2_TC005316 Tribolium castaneum 3.2 4.5 0.4
170069287 Conserved hypothetical protein Culex quinquefasciatus 3.2 11.4 2.2
168703125 Hypothetical protein GobsU_26581 Gemmata obscuriglobus UQM 2246 4.1 12.8 5.3
57506570 Reverse transcriptase Bombyx mori 4.4 6.1 3.2
156538499 Predicted: similar to mandelate racemase Nasonia vitripennis 4.4 6.3 1.5
157783840 Nicotinic acetylcholine receptor alpha 9 subunit (a) Bombyx mori 4.6 5.8 2.1
157783840 Nicotinic acetylcholine receptor alpha 9 subunit (b) (2 probes) Bombyx mori 2.4 3.0 2.0
189241946 Predicted: similar to Y26D4A.11 Tribolium castaneum 5.2 6.8 3.6
237700851 Serine protease 18 (a) Mamestra conﬁgurata 7.5 13.3 3.2
237700851 Serine protease 18 (b) (2 probes) Mamestra conﬁgurata 0.0 −0.4 −3.5
256862212c Heat shock protein 70 (a)c Helicoverpa zea 93.9 11.1 1.8
256862212 Heat shock protein 70 (b) Helicoverpa zea −2.2 −12.3 −29.2
116253 63 kDa chaperonin, mitochondrial (a) Heliothis virescens 1.3 11.3 4.6
116253 63 kDa chaperonin, mitochondrial (b) Heliothis virescens 1.2 3.9 3.1
148298724 Cathepsin L-like proteinase Bombyx mori 3.3 10.8 3.4
158285681 AGAP007421-PA Anopheles gambiae str. PEST 6.6 12.5 3.0
224057636 Predicted: protein kinase, cAMP-dependent, catalytic, beta Taeniopygia guttata 4.1 11.5 7.6
266808630 Diapause bioclock protein-like protein Helicoverpa armigera 4.2 10.3 6.0
160333383c Serpin-6 (1 probe)c Bombyx mori 1.4 137.9 64.2
91076058 Predicted: similar to Bardet–Biedl syndrome 5 Tribolium castaneum 0.3 1.1 2.6
255977216 Juvenile hormone binding protein Bombyx mori 0.5 1.6 3.2
108864634 Helicase, putative Oryza sativa 0.7 2.9 3.5
156540818 Predicted: similar to tyrosine recombinase Nasonia vitripennis 1.6 4.6 7.7
a Fold change of all probes in the time point for each EST averaged. Unless indicated this comprised values from three probes per time point.
b Where accession numbers are assigned to more than one EST, different ESTs are designated by different letters.
c Expression analyzed by qRT-PCR.
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hybridize to EST1 sequence (p1, 2, and 3) indicated that the expression
level of non-clathrin coat protein zeta 1-COP during viral infectionwas
down-regulated comparing to themock infection. In contrast the three
probes designed for EST2 (p4, 5, and 6) showed a substantial increase
in transcript levels over time, particularly probe 6 (Fig. 3A). A
comparison of the contig nucleotide sequences indicated a high
degree of sequence similarity at their 5′-ends, and in another small
region further downstream (Fig. 3B, shaded black). EST2 had three
fewer nucleotides than EST1 in the 5' region of similarity, as well as 13
SNPs relative to EST1 (data not shown).We also found that the unique
region EST2 shared similarity with AcMNPV DNA (Fig. 3B, shaded
gray). Probe 1 (p1) recognized sequence common to both contigs.
Whereas p2, and p3 recognized regions that were unique to EST1
(Fig 3B, unshaded), and p4, and p6 recognized sequence unique to
EST2 (Fig. 3B, shaded gray). P5 sequencewas unique to EST2 except for
13 bp (613–625 bp) of sequence identity shared with EST1 (Fig. 3B).When the unique sequence of EST1 (Fig. 3B, unshaded) was analyzed
by nucleotide BLAST, 15% of the fragment length (~33 nucleotide)was
similar to tRNA-Leu (trnl) gene of different Rose species. Nucleotide
BLAST analysis of all probe sequences also indicated that p1 was the
only probe homologous to non-clathrin coat protein zeta 1-COP. Our
interpretation of these results is that higher fold reduction in
expression indicated by p1, relative to p2 and p3, at 24 hpi is most
likely due to hybridization of transcripts corresponding to both EST1
and EST2, resulting in a greater difference in intensity between control
and 24 hpi reads. The dramatic increase in expression levels indicated
byprobes 4, 5, and especially 6, ismost likely due to cross hybridization
of AcMNPV transcripts with sequence similarity.
Validation of microarray data using qRT-PCR
We used quantitative real-time PCR (qRT-PCR) to validate
microarray results. For this analysis we selected eight genes from
173T.Z. Salem et al. / Virology 412 (2011) 167–178cluster 1 (Fig. 2, asterisks), a highly down-regulated, N1000 fold at
24 hpi, carboxylesterase (gi|114050871) gene from cluster 46
(Supplemental Table 1), an unclustered gene encoding a ﬁbrillin-
like protein (gi|112983550) that was highly down-regulated at 24 hpi
(375 fold), and two unclustered genes, Hsp70 and serpin 6 that were
up-regulated (Table 2, asterisks). Expression levels of these genes
were analyzed in two technical replicates for four biological replicates
in mock-infected cells and at 6, 12, 24, and 48 hpi in AcMNPV-infected
cells (Fig. 4). All the data from qRT-PCR showed that the expression
level of the selected genes was regulated in the same manner as
shown by the microarray analysis, except for the serpin-6 gene
(Table 3). Microarray data showed that signal recognition particles
receptor alpha subunit, ER protein, Adaptin, KDEL-ER protein
retention receptor 2a, transport protein Sec61 alpha subunit, and
non-clathrin coat protein zeta 1-COP were ﬁrst up-regulated at 6 hpi
and subsequently down-regulated beginning at 12 hpi (Table 3).
Although the qRT-PCR showed the same pattern, the up-regulation
observed at 6 hpi was not signiﬁcantly different from mock-infected
controls except for the signal recognition particle receptor alpha
subunit (Figs. 4B, C, D, E, F, and G). In all of these cases, microarray
data indicated less than 2 fold up-regulation of transcript levels
relative to mock-infected cells, with the highest fold difference
recorded for signal recognition particle receptor alpha subunit. The
primers used for qRT-PCR analysis of the non-clathrin coat protein
zeta 1-COP were designed from the common region of both contigs
(Fig. 3B, shaded black). The results showed down regulation of
expression from 12 to 48 hpi (Fig. 4G). This indicated that the up-
regulation of non-clathrin coat protein zeta 1-COP transcripts
observed on microarrays was due either to speciﬁc up-regulation of
transcripts corresponding to EST2 or cross hybridization of AcMNPVFig. 3. Analysis of non-clathrin coat protein zeta 1-COP gene expression. Non-clathrin
A) SF9L03957-Contig1 (EST1) and Sf1P09405-5-1-Contig1 (EST2) that exhibit divergent
designated p1–p6, at each time point is the average from four independent biological repli
microarray probes. Sequence comparisons reveal that both contigs share two common reg
remaining sequences are unique to each EST, and depicted by either unﬁlled white or shaded
region of EST1, and p4 and p6 are speciﬁc for the unique region of EST2. Most of p5 is speciﬁc
shared with EST 1 (13 identical nucleotides).transcripts. The strong up-regulation of Hsp70 expression at 6 hpi
shown by microarray results was conﬁrmed, as was its continued, but
declining, up-regulated expression at 12 and 24 hpi, relative to mock
infection. The qRT-PCR analysis extended these ﬁndings, indicating
signiﬁcant up-regulated expression relative to mock-infected controls
even at 48 hpi. Although microarray data suggested that the gene
encoded for serpin-6 was signiﬁcantly up-regulated (Table 3), qRT-
PCR data showed no signiﬁcant change in its level of expression up to
48 hpi (Fig. 4L). Upon reviewing the microarray data, we found that
serpin 6 was represented by three probes, but only one showed up-
regulation by more than 1.2 fold (the cutoff fold change), the signals
recorded for the other two probes were not signiﬁcantly different
from the controls. The apparent up-regulation of serpin 6 detected by
this probe is likely due to the result of aberrant hybridization.
Moreover, the other serpin family members (serpin 2, 4A, 5, 7, 8, 10,
11, 13, 14, 27, 31) included in the microarray were down-regulated.
Down-regulated expression from the genes encoding for Fibrillin-like
protein, Ras-related GTP-binding protein, and carboxylesterase
(B. mori) starting from 6 hpi was also conﬁrmed (Figs. 4I, J, and K).
A comparison between the qRT-PCR data and the microarray data was
established to demonstrate the average fold change corresponding to
the level of expression of the selected genes (Table 3). The data from
both expression analyses were in agreement and the fold change
calculated in Table 3 was remarkably close between the two sets,
considering the difference in approaches.
Discussion
Microarray analysis of the changes in the levels of host gene
transcripts in AcMNPV-infected Sf21 cells over time extends previouscoat protein zeta 1-COP gene is represented by two different ESTs in SPODOBASE.
expression patterns on microarrays. The fold change in expression for each probe,
cates. B) Diagram shows the relationship between EST1 and 2 and the locations of the
ions of nearly identical nucleotide sequence, indicated by the shaded black bars. The
grey bars. Probe 1 (p1)matches both contig sequences, p2–p3 are speciﬁc for the unique
for the unique region of EST2, however it overlaps the small region of sequence identity
Fig. 4. Validation of regulated gene expression by qRT-PCR. Genes were selected from DAVID cluster 1, indicated by asterisks in Fig. 2, along with several additional genes, which
displayed substantial up or down regulation on microarrays. RNA was extracted from mock-infected Sf21 cells harvested at 12 hpi and from infected cells harvested at 6, 12, 24, or
48 hpi. Primers are listed in Supplemental Table 4. Each value represents two technical replicates of each of four biological replicates. Standard deviation is indicated by bars. Relative
expression was calculated based on 2−ΔΔCt method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008). Double asterisks (**) indicate that pb0.01, while one asterisk (*)
indicates that pb0.05.
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on individual proteins suggested that AcMNPV down regulates the
expression of host protein synthesis at the transcriptional level (Ooi
and Miller, 1988; van Oers et al., 2001b, 2003). A subsequent study
using differential display in Sf9 cells found that transcripts of most
host genes declined by 12–18 hpi, ribosomal RNA levels remained
constant, and the expression of only one host gene, hsc70 increased
(Nobiron et al., 2003). In the present study, we found that among
approximately 42,000 probes for host genes included on our arrays
approximately 70% showed differential regulation, with nearly all of
these down-regulated. The remaining probes represent genes that
were either not expressed in Sf21 cells or were not regulated.
Numerous genes were up-regulated moderately at 6 hpi (less than 2
fold), although most subsequently declined in abundance, and were
signiﬁcantly lower than mock-infected controls by 12 or 24 hpi.
Similar to the differential display study, we found that two Hsp70s
transcripts were up-regulated. They displayed strong up-regulation at
6 hpi, which gradually declined but remained signiﬁcantly higher
than mock-infected controls up until at least 48 hpi. AcMNPV
infection of Sf9 cells induced the expression or up-regulated at least
three Hsp70 proteins, as determined by two-dimensional PAGE
followed by western blots (Lyupina et al., 2010). Two of these were
also induced by heat shock. Up-regulated expression of two Hsp70s
was also observed in AcMNPV-infected Hv-Am1 cells, a Heliothis
virescens cell line that is permissive for AcMNPV (Popham et al.,
2010). In the present study we found additional genes that were
signiﬁcantly up-regulated over the course of infection, althoughmanyof these could not be annotated. Four of these genes displayed
expression patterns that were similar to the Hsp70 genes. Whereas
other up-regulated genes were most strongly up-regulated at 12 hpi,
for example, 63 kDa mitochondrial chaperonin, cathepsin L-like
protease, and diapause bioclock protein-like protein (Table 2). Four
were found to be most up-regulated at 24 hpi, juvenile hormone
binding protein, a putative helicase, a predicted protein similar to
tyrosine recombinase (Table 2) and non-clathrin coat protein zeta 1-
COP (Fig. 3A). The most highly up-regulated gene at 24 hpi was non-
clathrin coat protein zeta 1-COP. Upon further analysis, probes for one
EST were found to share similarity with AcMNPV, suggesting that the
apparent up-regulation was most likely due to cross hybridization
with viral transcripts (Fig. 3). The other genes that were up-regulated
at 24 hpi and those strongly up-regulated earlier in the infection cycle
(6 or 12 hpi)may play roles in the virus replication cycle. In particular,
viruses frequently utilize HSPs to support their own replication
(reviewed by (Mayer, 2005)). In the case of AcMNPV, inhibition of
inducible HSP70s signiﬁcantly reduced viral DNA synthesis (Lyupina
et al., 2010).
When we compare the results of studies of AcMNPV regulation of
host gene expression with those of Bombyx mori nucleopolyhedro-
virus (BmNPV) there are some differences. Seven up-regulated host
genes were identiﬁed in BmNPV-infected BmN-4 cells by subtractive
hybridization at the early stage of infection (2 and 6 hpi) (Iwanaga et
al., 2007). These did not include Hsc70 or any other Hsp70 members.
Only four genes were down-regulated, including RNA pol II. In
addition, a microarray analysis of BmNPV-infected NIAS-Bm-oyangi2
Table 3







6 h 1.18 (+) 1.03 (+)
12 h 5.16 (−) 6.61 (−)
24 h 45.35 (−) 92.09 (−)
48 h 75.06 (−) NA
Adaptin 6 h 1.14 (+) 1.05 (+)
12 h 3.39 (−) 5.01 (−)
24 h 22.01 (−) 55.44 (−)
48 h 25.55 (−) NA
ER protein 6 h 1.09 (+) 1.41 (+)
12 h 5.70 (−) 4.42 (−)
24 h 55.82 (−) 25.81 (−)
48 h 128.41 (−) NA
Signal recog. part. recp.
alpha sub.
6 h 1.91 (+) 1.58 (+)
12 h 3.28 (−) 4.80 (−)
24 h 32.56 (−) 48.52 (−)
48 h 59.16 (−) NA
Ras-related GTP-binding
protein Rab3
6 h 2.19 (−) 3.11 (−)
12 h 23.63 (−) 36.01 (−)
24 h 203.93 (−) 415.06 (−)
48 h 316.66 (−) NA
Transport protein Sec61
alpha sub.
6 h 1.44 (+) 1.27 (+)
12 h 6.52 (−) 5.90 (−)
24 h 52.14 (−) 41.43 (−)
48 h 112.75 (−) NA
Trafﬁcking protein particle
complex 1
6 h 1.02 (−) 1.13 (−)
12 h 2.98 (−) 5.09 (−)
24 h 15.65 (−) 56.12 (−)
48 h 145.86 (−) NA
Fibrillin-like protein 6 h 1.32 (−) 1.64 (−)
12 h 31.25 (−) 33.79 (−)
24 h 148.08 (−) 377.07 (−)
48 h 183.56 (−) NA
Hsp-70 6 h 110.75 (+) 93.93 (+)
12 h 15.95 (+) 11.08 (+)
24 h 3.10 (+) 1.78 (+)
48 h 2.79 (+) NA
Serpin-6 6 h 1.24 (+) 1.45 (+)
12 h 1.09 (+) 137.94 (+)
24 h 1.38 (−) 64.18 (+)
48 h 1.22 (−) NA
Carboxylesterase 6 h 1.18 (−) 1.54 (−)
12 h 27.68 (−) 41.53 (−)
24 h 294.64 (−) 1160.95 (−)
48 h 396.31 (−) NA
Non-clathrin coat protein
zeta 1-COP
6 h 1.09 (+) 1.11 (+)
12 h 5.15 (−) 5.77 (−)
24 h 64.28 (−) 58.11 (−)
48 h 138.00 (−) NA
(+) up-regulation (-) down-regulation.
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regulated genes, many of them unknown (Sagisaka et al., 2010). The
fold changes were also not high as the fold change that detected in
AcMNPV-infected Sf21 cells. These studies indicate that there may be
both virus- and host cell-speciﬁc differences in the regulation of host
gene expression.
The results of microarray analysis were conﬁrmed by qRT-PCR,
with only one exception, and the relative expression levels were
remarkable similar, validating the microarray data (Table 3). The only
gene whose regulation as shown by microarray analysis was not
conﬁrmed by qRT-PCR, serpin-6, was represented by three probes on
the microarray. However, only one probe indicated differential
regulation. This suggested that the microarray hybridization with
this probe was probably an anomaly and the expression of this gene is
not differentially regulated in AcMNPV-infected Sf21 cells. One
possible explanation is that this probe may cross hybridize with
viral transcripts. A BLASTn search against AcMNPV revealed several
regions of nucleotide similarity with this probe located in close
proximity on the viral genome. The qRT-PCR results indicated that
serpin-6 was not differentially regulated in AcMNPV-infected Sf21cells. This was in agreement with the other probes for this EST, which
did not show differential regulation.
The majority of regulated gene transcripts were down-regulated.
When we analyzed the genes that were most highly down-regulated
by functional clustering, the cluster with highest enrichment score
comprised mainly genes involved in protein trafﬁcking in the ER and
golgi. It is possible that these enrichment scores are a reﬂection of the
B. mori genes that are best annotated, the background used in the
DAVID analysis. However down regulation of transcripts for proteins
involved in trafﬁcking of secretory and membrane proteins in the ER
is consistent with the relative ease in BEVS expression of cytoplasmic
proteins compared with integral membrane proteins and secretory
proteins, especially those that are highly glycosylated (Higgins et al.,
2003; Jarvis and Summers, 1989; Stults et al., 1994; Tate et al., 2003;
van Oers et al., 2001a). In most cases, proteins are expressed in BEVS
under control of the polh promoter. Although this results in high levels
of expression, our results suggest that it may not be optimal for
expressing secretory or integral membrane proteins. For example, the
amounts of speciﬁc chaperones available late in infection appear to be
insufﬁcient for proper cotranslational processing of integral mem-
brane proteins during synthesis. The serotonin transporter, with
twelve membrane-spanning domains, was expressed to high levels,
but as a heterogeneous mix containing a large proportion of non-
glycosylated and inactive protein (Tate et al., 2003). Co-expressing
molecular chaperones, in particular calnexin increased its functional
expression (Tate et al., 1999a, 1999b, 2003). Simply expressing a
potassium channel from an earlier promoter increased the amount of
functional protein produced (Higgins et al., 2003). The yield of
functional channels was further improved by co-expression of
calnexin. In the present study, microarrays included three probes
for a putative calnexin precursor and its transcripts were down-
regulated approximately 70 fold by 24 hpi (data not shown). The
levels of two chaperones were examined directly in BEVS (Yun et al.,
2005). Yun and colleagues found that transcripts of the protein
disulﬁde isomerase gene (PDI) could only be detected on Northern
blots during the ﬁrst day of infection in Sf9 cells expressing secreted
GFP from the polh promoter. Moreover its protein levels declined over
three days. In the present study, transcripts of PDI, as well as PDI-like
protein ERp57 gene were both strongly down-regulated by 24 hpi
(Supplementary Table 1). Yun et al. also found that the steady state
levels of calnexin gradually declined over four days. Interestingly,
expression of another chaperone, calreticulin, was highly induced at
24 hpi following AcMNPV infection of Hv-AM1 cells (Popham et al.,
2010). Up-regulated calreticulin expression was represented by ﬁve
spots on a two-dimensional gel, two of them highly up-regulated. In
the present study, two calreticulin genes (protein acc. no. gi|17826933
and gi|28804517) were represented on our microarrays, and
transcripts for both were down-regulated, 75 fold (data not shown)
and greater than 100 fold by 24 hpi (Supplementary Table 1),
respectively.
Despite the compromised secretory system suggested by this study,
as of October 2010, BEVS was used successfully to express several types
of membrane proteins to sufﬁcient levels for high-resolution structural
studies (http://blanco.biomol.uci.edu/Membrane_proteins_xtal.html)
(White, 2004). These include a monotopic membrane protein (Sidhu
et al., 2010), ﬁve G-protein coupled receptors (GPCRs) (Cherezov et al.,
2007; Chien et al., 2010; Hanson et al., 2008; Jaakola et al., 2008;
Rasmussen et al., 2007; Warne et al., 2008; Wu et al., 2010a), four ion
channels (Gonzales et al., 2009; Jasti et al., 2007; Kawate et al., 2009;
Sobolevsky et al., 2009; Wu et al., 2010b; Yuan et al., 2010), an
aquaporin (Hiroaki et al., 2006; Tani et al., 2009), and a gap junction
(Maeda et al., 2009). However, many membrane proteins are not
expressed well using BEVS. What is more surprising is that often, very
similar types ofmembrane protein are expressed to very different levels
but the reasons for this are not clear (Grisshammer and Tate, 1995;
Massotte, 2003; Sarramegna et al., 2003). Expressing integral
176 T.Z. Salem et al. / Virology 412 (2011) 167–178membrane proteins from the polh promoter can be an advantage when
they adversely affect host cell physiology. However, our results suggest
that by late times in the baculovirus infection cycle the necessary
proteins and machinery for efﬁcient and high-level expression may be
insufﬁcient for many proteins that are synthesized in the ER. Whether
the reduction in transcripts for secretory systemcomponents results in a
sufﬁcient loss of available proteins to affect function remains to be
determined. In at least one case, the levels of a host protein, TATA-
binding protein, increased up to 72 hpi even as its transcripts decreased
in AcMNPV-infected Sf21 cells (Quadt et al., 2002). However our study
suggests that to improve expression levels of some secretory and
especially integral membrane proteins in BEVS, it will be necessary to
balance the timing of expression to maximize the availability of cellular
proteins and machinery, while minimizing potential physiological
effects on the cell. Another approach is to determine which critical
cellular proteins may be insufﬁcient and supplement them by
expressing them from an unaffected promoter either from the virus or
in stably transformed cells.
De novo synthesis of host proteins is gradually shut down in
AcMNPV-infected cells over the course of infection and correlates with
the reduction in transcripts (vanOers et al., 2001b, 2003). The reduction
in host protein synthesis also correlates with expression of viral genes
required for DNA replication (Schultz and Friesen, 2009). RNAi knock
down of these genes prevents global protein synthesis shut down,
suggesting that it could result from a host DNA damage response. The
mechanism responsible for the reduction in host cell transcripts is
unknown, but possibilities include degradation of transcripts, inactiva-
tion of host RNA pol II, or both (Ooi and Miller, 1988). The timing of the
shutdown of host transcription corresponds to the beginning of the late
phase of the baculovirus lifecycle when late virus genes are transcribed
by a virus RNA polymerase instead of host RNA pol II. To date, a host
shut-off factor has not been identiﬁed among baculovirus genes or
proteins. However the rapid reduction of most host transcripts we
observed during the course of AcMNPV infection seems unlikely to
result simply from a switch from host to virus RNA polymerase and
strongly suggests that a virus host shut-off factor exists.
We were surprised to ﬁnd that genes for immune proteins were
expressed in Sf21 cells. These cells were derived from pupal ovaries
and have not been previously characterized as having an immune
function. Regulated transcripts represented genes involved in both
humoral (cecropin and prophenol oxidase activating protein) and
cellular responses (eater). Although antimicrobial peptides such as
cecropin are produced primarily in the fat body, they are also
produced in hemocytes (Lavine et al., 2005). Pattern recognition
receptors (β-1,3-glucan-binding protein) are expressed in all immune
tissues, hemocytes, fat body, and epidermis (Ochiai and Ashida, 2000).
However, Eater, a scavenger receptor involved in phagocytosis is
expressed exclusively in hemocytes (Kocks et al., 2005). This suggests
the possibility that Sf21 cells arose from hemocytes. All of these genes
were down-regulated in AcMNPV-infected Sf21 cells beginning at
6 hpi, suggesting that by reducing immune protein transcripts,
AcMNPV may inhibit host immune response.
In this study we extended the ﬁndings of Nobiron et al. (2003) and
report additional Hsp70 family members, as well as several other
genes that were up-regulated in AcMNPV-infected Sf21 cells. Further
characterization of these genes may provide new insights on the roles
of cellular gene products in baculovirus life-cycles. The dramatic down
regulation of most cellular gene transcripts, especially secretory
pathway genes, suggests that the difﬁculty in expressing many
secretory and membrane proteins is the result of severely compro-
mised cellular structure late in infection. This work serves as a
comprehensive transcriptome platform that not only conﬁrms host
transcription shut off, but also provides a close estimate of the
magnitude of these shut off for many genes (fold change). The effects
of the reduced transcripts on protein levels and cellular function
remain to be investigated.Materials and methods
Cell line and virus
S. frugiperda IPL-Sf21 cells (Vaughn et al., 1977) were maintained
at 27 °C in TC-100media (Sigma) supplementedwith 10% fetal bovine
serum (Atlanta Biologicals). The virus used in this study was the wild-
type AcMNPV strain L1 (Lee and Miller, 1978). Infection was
performed at MOI of 10 and polyhedra were observedmicroscopically
starting at 24 hpi and at 48 hpi all Sf21 cells showed polyhedra.
Microarray design
A 44 K Agilent oligonucleotide microarray chip was designed to
includemost of the knownESTs of S. frugiperda. The ESTs sequenceswere
obtained from SPODOBASE (http://bioweb.ensam.inra.fr/spodobase/
(Negre et al., 2006). Each array included 14,619 ESTs of S. frugiperda
andmost of the AcMNPV ORFs. Each ESTwas represented by at least one
60-mer oligo butmost of the time by three different 60-mer oligos (total
42,334 oligos) targeting different sites of each EST.
Total RNA extraction
A total of 2×106 Sf21 cells were seeded into 60 mm dish and
infected with either TC-100 medium (mock infection) or wild-type
AcMNPV strain L1 at MOI of 10. Cells were collected at 6, 12, 24 and
48 hpi. Mock-infection cells were collected at 12 h. Four biological
repeats were set up for each time point and mock infection. Total RNA
were puriﬁed by RNAeasyMini Kits (Qiagen) according to themanual.
The quality of total RNA were assessed by Agilent 2100 Bioanalyzer
using Agilent RNA 6000 Nano LabChip kit.
Sample preparation and hybridization
One-Color Spike-in Mix was added to 500 ng of total RNA and the
complementary RNAs were synthesized for mock infection and for
three AcMNPV-infected samples (6, 12, and 24 hpi) following the
recommended methods described in One-Color Microarray-Based
Gene Expression Analysis Manual (Agilent). Complementary RNAs
were puriﬁed by RNAeasy Mini Kits (Qiagen) and quantiﬁed by
NanoDrop ND1000 (Thermo Scientiﬁc). A total of 1.65 μg of each of
the Cy3-labeled linearly ampliﬁed cRNAs was fragmented by the
fragmentation mix and applied to the microarrays for hybridization at
65 °C for 19 h. Then the slides were washed and handled according to
the protocol (One-Color Microarray-based Gene Expression Analysis,
Agilent).
Data analysis
The microarray slides were scanned by Agilent scanner (G2505B)
and data were extracted by Agilent Feature Extraction Software
(v9.5.1). Quality Control (QC) reports were veriﬁed for all the arrays
before the data analysis. Then GeneSpring GX11software (Agilent)
was used to analyze the data. The data was normalized to the Spike-in
genes in each of the arrays. The level of gene expression was
calculated as fold change and only genes that their level of expression
changed with more than 1.2 fold and with a pb0.05 were considered
for the analysis. This was performed by one-way ANOVA (GeneSpring
GX11software, Agilent).
Quantitative real-time polymerase chain reaction (qRT-PCR)
To conﬁrm microarray data, 12 genes were selected to perform
qRT-PCR (asterisks, Fig. 2 and Table 2). A total of 26 forward and
reverse primers (Supplementary Table 4) were designed for these 12
genes in addition to S. frugiperda 28 S ribosomal RNA gene using
177T.Z. Salem et al. / Virology 412 (2011) 167–178Primer Express Software (Applied Biosystems). S. frugiperda 28 S gene
was used as an internal control for normalization. The same total RNA
samples that were used for microarray experiment were used in the
mock-, and 6, 12, and 24 hpi-infected samples for qRT-PCR. The 48 hpi
samples were collected and processed at the same time as the
microarray samples. A total of 1 μg of the DNase-treated total RNAwas
used for cDNA synthesis following the manual of the iScript cDNA
synthesis kit (Bio-Rad). The qPCR was conducted using Power SYBR
Green PCR Master Mix (Applied Biosystems) for the mock-infected as
well as the 6, 12, 24, and 48 h.p.i. samples. Four biological samples for
each time point of infection and mock infection were used in the qRT-
PCR. In addition, each of the biological samples was conducted in
duplicate. For each sample, 5 ng RNA-equivalent cDNA were used as a
template using 300 nM of each primer (forward and reverse) in
addition to the 5× Power SYBR Green PCR Master Mix in a 15 μl
reaction. The relative expression of each gene was calculated
according to the 2−ΔΔCt method (Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008). The relative expression of mock
infection sample was considered to be 1 and the relative expression
of the rest of the samples was calculated accordingly. A Student's t-
test was performed on the data to determine whether the difference
of the relative gene expression between the infected samples and the
mock-infected samples were signiﬁcant.
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